INTRODUCTION
The use of gene panel testing for determining hereditary cancer risk has dramatically increased within the last few years. This increase in panel testing uptake is largely driven by the convenience and cost-effectiveness of having tests that include all genes associated with each type of hereditary cancer. [1] [2] [3] There is also the concern of missing a possible hereditary form of cancer in a patient who may have a less typical presentation for a given cancer syndrome and/or missing family history data to guide testing decisions. [3] [4] [5] [6] In addition, there is increasing use of germline status to make decisions about treatment of advanced cancers.
However, casting a wide diagnostic net has nontrivial consequences. Larger gene panels increase the likelihood that a patient may receive an inconclusive result. This could include variants of uncertain significance (VUS) or a presumed pathogenic variant in a lower penetrance gene that does not explain, or fully explain, the family history. [7] [8] [9] The lack of established cancer risk estimates for some of these commonly tested genes is also a drawback, although some groups are working to improve this knowledge. 7, 8 This also means that medical management guidelines are scant, or nonexistent, for some of these lower, moderate risk and/or less well-characterized genes. 8, 9 The National Comprehensive Cancer Network (NCCN) recommends that multigene test panels be considered when a patient's personal and/or family history is suggestive of a hereditary cancer syndrome. 10 However, NCCN guidelines note that many of the genes on hereditary breast and ovarian cancer susceptibility panels have not been systematically examined for their strength of association with disease and do not have specific medical management recommendations. 10 Additionally, many genes are grouped together on pan-cancer or breast and ovarian cancer panels although a number of those genes have only been associated with either breast cancer or ovarian cancer. When a pathogenic variant is identified, it can be difficult for health-care providers to know the strength of evidence of disease risk and whether the variant confers an elevated risk of breast cancer, ovarian cancer, or both for their patient.
The Clinical Genome Resource (ClinGen) is a National Institutes of Health (NIH)-funded program dedicated to creating publicly available data that assesses the clinical relevance of genes and variants within specific diseases. 11 ClinGen developed a clinical validity framework that facilitates systematic evaluation of publicly available evidence to assign the strength of the evidence for the association of a gene with a disease into one of the following clinical validity classifications: Definitive, Strong, Moderate, Limited, No Reported Evidence or Conflicting Evidence Reported, Disputed, or Refuted. 12 We describe the application of this framework to evaluate 31 genes currently on clinical testing panels in predisposition to breast cancer, ovarian cancer, or complex syndromes involving these cancers.
MATERIALS AND METHODS
The ClinGen Breast/Ovarian Gene Curation Expert Panel (GCEP), including a molecular geneticist, three postdoctoral fellows, two research scientists, two laboratory-based genetic counselors, and two clinical-based genetic counselors specializing in hereditary cancer, was convened to address the varying levels of evidence available in the medical literature linking particular genes with inherited predisposition to develop breast and/or ovarian cancer. The GCEP initially generated a list of genes that are commonly found on clinically available breast and/or ovarian cancer or pan-cancer panels from multiple testing laboratories or that are associated with hereditary breast and/or ovarian cancer in OMIM in July 2015 (ref.
13
). The GCEP along with other experts on the ClinGen Hereditary Cancer Clinical Domain Executive Committee, comprised of medical geneticists, medical oncologists, molecular geneticists, scientists, and genetic counselors, then prioritized genes for curation that were common to most panels, as well as genes on panels that had a more controversial association with breast and/or ovarian cancer.
The GCEP finalized a list of 31 high-priority genes for curation using the ClinGen Gene Curation framework. 12 In the case of MUTYH, we curated this gene for the autosomal dominant and recessive risk separately, which led to 32 possible gene/disease associations. Of note, we curated monoallelic but not biallelic pathogenic variants in mismatch repair (MMR) genes due to the lack of reports suggesting the association with breast and/or ovarian cancer. If the gene was associated with a genetic syndrome for which breast or ovarian cancer was a known feature in OMIM, and likely part of diagnostic criteria, the gene was curated for the syndrome and not isolated, or familial, cancer risk. The ClinGen Clinical Validity Framework was not designed to parse out risk of individual features of a genetic syndrome. If a gene was not associated with a particular syndrome, the gene was curated for its familial risk of breast and ovarian cancer. For instance, STK11 was curated for Peutz-Jehgers syndrome, for which breast cancer is a known feature, and the TP53 gene was curated for familial ovarian cancer instead of Li-Fraumeni syndrome.
The Gene Curation framework takes into account genetic evidence, through publications describing patients evaluated for the gene in question, including case reports, family studies, and case-control association studies. The framework also includes experimental evidence linking genes to disease through biochemical function; protein interaction; protein expression; functional alterations in cells, animals, or patients; and knockout/-in and/or phenotypic rescue data. A maximum of 12 points are assigned for genetic evidence and 6 points are assigned for experimental evidence for a combined maximum total of 18 points. Of note, the clinically validity classifications do not correlate with the risk of cancer when harboring a pathogenic variant. For example, a Moderate gene association does not imply a moderate risk of cancer. The No Reported Evidence classification was applied to gene/disease associations where there was no case-control or case-level data that qualified for scoring. A Disputed classification simply indicates that there are conflicting data and/or opinions regarding the association. The Refuted classification was assigned only when multiple well-powered case-control studies clearly indicated an odd ratio (OR) close to or below 1.0 and the contradicting evidence outweighed any supporting evidence. In some cases, there were actual claims that a particular cancer was not associated with a specific gene, and that information was used as disputing or refuting evidence.
Gene biocurators were trained on version 4 of the ClinGen Gene Curation Standard Operating Procedure (SOP).
14 Two biocurators were assigned a particular gene and asked to query the literature for associations with breast cancer and separately with ovarian cancer. A two-biocurator system was used to help ensure that all relevant publications were reviewed. Biocurators used PubMed and OMIM resources for literature searches. Curation results were discussed during bimonthly GCEP meetings and provisional classifications were assigned. Classifications were finalized only after assertions were approved by the ClinGen Hereditary Cancer Executive Committee.
Three main types of genetic evidence were used: case-control studies, segregation data, and case reports, and several adjustments were made to the ClinGen scoring system as the cancer curation process proceeded. Specifically, although the ClinGen clinical validity framework SOP allows for scoring of individual probands with the disease of interest and a suspected pathogenic variant within the gene of interest, we found that case-control studies were more appropriate to use than case-level data given the prevalence of breast cancer in the general population and the large numbers of individuals being tested for variants within these genes. Therefore, whenever case-control data was available, case reports were not scored because they posed the highest risk of spurious findings. However, case reports in which segregation data were available were scored as recommended by the SOP. To include case-control association studies, we required an OR (or a similar/equivalent metric) of 2.0 or greater with a significant P value (<0.05) and confidence intervals not crossing 1 in support of an association with breast cancer. Because ovarian cancer is a relatively rare cancer in the general population with less risk of phenocopies, studies with OR >1.5 were included in scoring for each gene. If neither case-control studies nor segregation data were available, each proband from a case report was given a score of 0.1, which was downgraded from the default score of 0.5-1.5. Importantly, we required these probands to have a suspected lossof-function (LoF) variant with substantial functional data demonstrating a deleterious effect in order to be counted. We excluded any variants that were consistent with a classification of benign, likely benign, or VUS in ClinVar, and variants that had limited evidence of pathogenicity or high minor allele frequencies in ExAC or gnomAD. 15, 16 No adjustments to the recommended scoring matrix were made for experimental evidence. Although some overlapping evidence exists, experimental evidence was curated separately for breast and for ovarian cancer to ensure that the information was specific and robust for each cancer.
After curations were complete, six breast/ovarian or pancancer panels listed in the Genetic Test Registry were sampled to determine how the genes on those panels were evaluated in the curation process (e.g., Definitive, Moderate, etc.). 17 
RESULTS
Review of existing hereditary breast and ovarian cancer panels and OMIM identified 31 genes to be curated using the ClinGen clinical validity matrix, and a final assertion is provided based on genetic and experimental evidence reviewed from literature searches ( Table 1) . As mentioned previously, there are a total of 32 gene-disease curation pairs for ovarian cancer due to the MUTYH gene being curated separately for autosomal dominant and recessive risk. However, there are only a total of 31 gene-disease curations for breast cancer because we were unable to score NF1 for breast cancer susceptibility. While the NF1 gene may confer an increased risk of breast cancer in young women with a clinical diagnosis of neurofibromatosis type 1 based on case-control studies, most of the women in the literature were not genotyped. Instead, the diagnosis was based on clinical criteria, and therefore, we decided not to score this gene with the clinical validity framework, which assumes a molecular evaluation has been performed. [18] [19] [20] [21] [22] [23] The resulting gene-disease assertions are displayed in Fig. 1 . Full details for all gene curation results can be found and downloaded from the ClinGen website. 24 Definitive assertions were made for 10/31 (32.3%) gene-disease pairs for breast and 10/32 (31.3%) for ovarian cancer. Moderate assertions were made for only 2 genes: RECQL for breast cancer and PALB2 for ovarian cancer.
Several genes fell into the Limited range: 6/31 (19.4%) for breast and 6/32 (18.8%) for ovarian cancer. There were only 2 genes (SLX4 and XRCC2) for which only case-level data were available that required a downgrade to 0.1 points per proband, and both genes scored in the Limited range for breast cancer. Despite selecting genes that appear on clinical hereditary panels, we determined Disputed or Refuted assertions for 9/31 (29%) genes for breast and 4/32 (12.5%) for ovarian cancer. No Reported Evidence of disease association was asserted for 5/31 (16.1%) genes for breast and 11/32 (34.4%) for ovarian cancer. The higher percentage for ovarian cancer is likely due to the primary breast cancer association for most genes. Similarly, genes with Disputed or Refuted evidence for one cancer were typically classified as Limited or a higher assertion for the other cancer, simply reflecting that their role on cancer panels was likely due to their primary association with the other cancer. However, there were three exceptions. The MRE11A gene was disputed for both breast and ovarian cancer. GEN1 and RINT1 had disputed evidence for breast cancer and No Reported Evidence for ovarian cancer. The breakdown of gene assertions for breast cancer and ovarian cancer is displayed in Fig. 2a, b , respectively.
These results were used to evaluate the classification breakdown of genes on six available testing panels as shown in Fig. 2c, d . To account for the different levels of evidence between the two cancers, we used the highest classification for each gene to highlight the number of Definitive, Moderate, Limited, Disputed, and No Reported Evidence genes that are available for testing on these panels. All genes in the Definitive range for one or both cancer types were offered by all six laboratories, with the exception of STK11, which a number of laboratories removed from their panel because of the absence of pathogenic STK11 variants after testing a large number of individuals referred for hereditary breast and ovarian cancer testing. This reflects that a gene may have an increased risk of cancer within a well-described syndrome but account for a very small proportion of the overall number of individuals at genetic risk for these cancers. Most of the genes in the Disputed or No Reported Evidence range were only available on one or two panels. Genes scoring in the Limited range were generally on few panels, with the exception of NBN, which is offered on all six panels.
DISCUSSION
We used the ClinGen clinical validity framework to assess the gene-disease relationships between genes commonly found on hereditary breast and ovarian cancer panels. The majority of genes fell into the Definitive range (18/31; 58.1%) for one or both types of cancer. All of the genes associated with syndromic cancer risk fell into the Definitive range. BRCA1 and BRCA2 were the only genes with a Definitive assertion for predisposition to both breast and ovarian cancers. Of the familial risk genes analyzed, five fell into the Definitive range for breast cancer (ATM, BARD1, CDH1, CHEK2, and PALB2) and three fell into the Definitive range for ovarian cancer (BRIP1, RAD51C, and RAD51D). There were a handful of genes that did not demonstrate an association with either cancer or had a Disputed association with both cancers but were on at least one hereditary cancer panel (CHEK1, MRE11A, PIK3CA, and RINT1).
Most genes on testing panels from the six laboratories surveyed fall into the Definitive range for breast and/or ovarian cancer. Only two laboratories had genes that were Disputed and none had genes that were Refuted for both types of cancer. The genes scoring in the Limited range were observed on an average of 2 panels. In contrast, NBN had Limited support as a breast or ovarian cancer gene, but was found on all six commercial gene panels. Early reports suggested an association with breast cancer risk, but more recent case-control studies have not demonstrated that association. [25] [26] [27] [28] The UK Cancer Genetic Group recently published that they found little evidence of the association with breast or ovarian cancer and recommended that the NBN gene not be included on hereditary cancer gene panels in the United Kingdom. 29 Our curation results suggest, and experts agreed, that this gene should remain in the Limited range for now, although it was noted that as larger case-control studies become available this gene-disease pair could eventually be Disputed. The CHEK1 gene, for which we found no reported evidence for breast or ovarian cancer risk, was offered on one pan-cancer test panel. The MCPH1 gene was not found on a panel listed on the Genetic Test Registry. 17 One surprising curation result was the Moderate determination for RECQL and breast cancer. This was one of the first genes in our curation process that alerted us to the substantial difficulties posed by phenocopies and assigning points to individual probands. Cybulski et al. and Kwong et al. published several probands with presumed LoF variants in individuals with breast cancer, which would score RECQL in the Definitive range if the default matrix scoring was used. 30, 31 Even with the adjustments we made to scoring for case-only studies, this gene scored well. This result may either confirm RECQL as a cancer risk gene, or highlight a limitation of the matrix for cancer predisposition genes. The fact that this gene is offered on only 1 of 6 commercial panels surveyed suggests a lack of confidence by many commercial laboratories regarding a role for RECQL in breast cancer. Alternatively, absence from panels means data for large case-control data sets are not being accumulated from large commercial laboratories. Despite this concern, we were unable to find any publications that provided negative gene association data or questioned RECQL as a cancer predisposition gene.
None of the genes evaluated for breast or ovarian cancer were classified in the Strong range. The Strong range is assigned to genes that score 12-18 points where the gene-disease association has not been established over a period of greater than 3 years. By design, genes will fall into this classification only temporarily because by the time there is enough evidence to score into the Strong range, enough time may also have passed to classify the gene in the Definitive range.
Several genes fell into the Limited classification range. Genes that have been newly described and are not as well studied may not have the amount of genetic evidence points to score into a higher range. We expect that genes in this category could move to higher classifications over time. In particular, genes with mostly experimental evidence may benefit from larger case-control studies. Genes associated with a lower penetrance or those in which pathogenic variants are extraordinarily rare are also at a disadvantage in this scoring system. Finally, genes that have been erroneously associated with cancer risk may also fall into this classification because there would be little to no ongoing genetic evidence to support their association.
Several curated genes are associated with syndromic forms of cancer risk. Whenever possible we used genetic evidence data for which the proband had the cancer of interest. For instance, STK11 and its association with breast cancer was evaluated using probands with breast cancer who met criteria for Peutz-Jeghers syndrome. We found no cases with suspected STK11 pathogenic variants with malignant epithelial ovarian cancers; however, other types of ovarian tumors, such as sex cord tumors with annular tubules (SCTATs), and other benign tumors are not rare in this disorder. [32] [33] [34] [35] Because epithelial ovarian cancer is also not a part of the clinical criteria for Li-Fraumeni syndrome or PTEN hamartoma tumor syndrome, we also examined the strength of evidence associated with the TP53 and PTEN genes and ovarian cancer susceptibility separately; we found Limited and Disputed associations respectively.
In regard to CDH1, all cases with suspected pathogenic variants had lobular breast cancer. Therefore, given the specificity of this subtype of breast cancer and its lower frequency within the general population, we allowed case level data and awarded 1 point/family for LoF variants and used segregation data, which led us to a Definitive classification for lobular breast cancer. We did not find an association between CDH1 suspected pathogenic variants and other subtypes of breast cancer, such as ductal carcinoma, or with ovarian cancer. Even excluding cases with a known personal or family history of gastric cancer, we were able to show a Definitive association with lobular breast cancer risk; hence, this curation is classified as familial lobular breast cancer risk. However, we acknowledge it is possible that all pathogenic variants also infer an increased risk of diffuse gastric cancer. Fig. 2 Strength of evidence for associations between candidate susceptibility genes and both familial breast and ovarian cancer (a) Thirty-one gene-disease pair curations were assessed for their strength of evidence with syndromic and familial breast cancer susceptibility. MUTYH was assessed for autosomal dominant and recessive risk associations, which counted as two separate curations. NF1 was unable to be scored due to lack of genotyping in affected individuals in the literature, which resulted in 31 gene-disease curation pairs. (b) Thirty-two gene-disease pair associations were assessed for ovarian cancer susceptibility. MUTYH was assessed for autosomal dominant and recessive risk associations and NF1 was assessed for familial ovarian cancer susceptibility resulting in 32 gene-disease curation pairs. (c) Displays the number of genes on panels by their highest clinical validity classification to highlight the number of genes with less than Definitive classifications on testing panels. Each gene is represented by its highest clinical validity score, be it for breast or ovarian cancer. NF1 was seen on 3 of 6 test panels but not included above. This gene is likely on panels due to its reported association with breast cancer. Because we were unable to score its association with breast cancer, the gene was not included to avoid using the No Reported Evidence assertion for familial ovarian cancer, which seems to misrepresent its importance on gene panels. (d) Gene panels were assessed in February 2018. Again, NF1 is not represented for the same reason as specified above.
There has been much controversy over the risk of breast cancer for patients with Lynch syndrome. 36, 37 This is reflected in Disputed assertions for all of the MMR genes and breast cancer. In contrast to our findings, Roberts et al. recently published a case-control study that demonstrated an association between pathogenic variants in MSH6 and PMS2 and breast cancer. 38 While this study did meet our case-control guidelines for scoring, there were other large and recent case-control studies that do not find this association. 27, 28, 39, 40 Therefore, the most appropriate designation at this time was Disputed. A Disputed designation does not suggest no association between these genes and breast cancer; it only reflects that the data remain conflicted at this time. We found No Reported Evidence for breast or ovarian cancer risk and the EPCAM gene. This may be due to the limited number of patients with this molecular type of Lynch syndrome. The MMR and EPCAM genes were not curated individually for ovarian cancer because ovarian cancer is a well-established cancer within Lynch syndrome. Hence, the Definitive assertion for ovarian cancer in each of the MMR and EPCAM genes. However, we did observe that there was less case-control evidence for an association of PMS2 or MSH6 and ovarian cancer. Again, this could simply reflect a smaller number of patients with Lynch syndrome having pathogenic variants within one of these two genes or a difference in the cancer risk of these different forms of Lynch syndrome. More research would be needed to address this question.
Throughout this curation process it became apparent that frequent updates, or recurations, would be necessary to account for new data. As new case-control studies were published from large commercial laboratory data sets, we revisited previously curated genes to assess the scoring or potentially move genes into the Disputed/Refuted classifications. Based on this experience, the GCEP has decided to update all curations as they appear on www.clinicalgenome. org on at least an annual basis, or as needed based on newly published case-control data sets.
A potential limitation of risk assessment models based on familial ascertainments results from misclassification of phenocopies with the risk allele under analysis. We attempted to lessen the effect by not using case-level data when stronger lines of evidence, like case-control studies, were available. This made it more difficult for a gene to score in the Definitive range simply because breast cancer is relatively common and individuals with cancer frequently undergo large panel testing. We may find that we need to continue to adjust our scoring system to accurately reflect available genetic evidence. Another obvious challenge is that pertinent data could have been inadvertently overlooked. By using two biocurators with expert reviews we hope to have limited this possibility as much as possible, and the ClinGen community is looking into methods to improve data extraction from the literature to lessen this confounding factor. We are also limited by the restricted range of ancestry of patients undergoing hereditary cancer panel testing from which much of the data analyzed is derived. This work, in contrast to "expert panel" assessments such as NCCN, provides specific context regarding the amount of evidence that is available that links a particular gene to be associated with breast cancer risk, ovarian cancer risk, or a risk for both cancers. Again, this work does not provide an estimation of cancer risk associated with these genes. Future work is needed to carefully look at breast and/or ovarian cancer risk in individuals with pathogenic variants in the genes that seem to have a valid association with cancer. Our work has simply helped to clarify the genes that need a thorough examination of cancer risk. An advantage of this empiric approach is that it is also dynamic; our ClinGen GCEP is committed to updating this online resource on a regular basis. It is important for clinicians to be aware of this resource that indicates that some genes on current panels have limited evidence of association with disease, as this will have important implications for counseling. This could impact a clinician's decision to act on the presence of a pathogenic variant in a gene with limited association with breast and/or ovarian cancer in their patient. Knowing that larger gene panels are more likely to contain genes of limited or controversial evidence for any given cancer type of interest should affect the clinician's decision about which panel is most appropriate for their patient. Additionally, being able to prepare patients for the fact that some genes on their test panel have less evidence, and/or less relevance to their particular medical or family history, and therefore, likely limited medical management guidelines may also be important. Because there is often overlap between breast and ovarian cancer gene panels, this work also aids the clinician to determine whether cancer risks are exclusive to one versus the other or for either type of cancer. This work may also encourage commercial laboratories to design cancer gene panels to eliminate genes that have Refuted/Disputed evidence of disease association or limited evidence for all cancer types. 1U01HG007437, 1U01HG007436, HHSN261200800001E, U41HG009650).
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